The main goal of this study was to select micro-and ultrafiltration membranes that can be used for the purification of mushroom tyrosinase, replacing salting-out dual-step processes followed by centrifugations. In experiments, a raw extract from white mushrooms was used with high level of ballast proteins and brownish impurities. Four microfiltration membranes for the removal of undesired high molecular weight compounds were screened and that made of nitrocellulose was selected due to high recovery of enzymatic activity. Then diafiltration and concentration on the membrane made of polyethersulphone (300 kDa) was selected to recover 8% of proteins and 58% of tyrosinase activity with five-to seven purification fold, 10% of proteases, and 8% of brown impurities. It was shown that tyrosinase can be pre-purified by selected membranes yielding the enzyme quality at least comparable to that after double salting-out method but in one device. In both cases, subsequent purification by ion-exchange chromatography slightly increased purification degree of the enzyme and brown impurity removal. The surplus of membrane pre-purification is substantially higher thermal stability of the enzyme, enlarged after the chromatographic step, due to very low content of proteolytic enzymes.
Introduction
Tyrosinases (EC 1.14.18.1) are copper-dependent enzymes that are capable to oxidize various phenolic substrates in the presence of molecular oxygen (Gąsowska et al. 2004; Garcia-Jimenez et al. 2016) . The enzyme catalyses hydroxylation of monophenols to o-diphenols (monophenolase activity, M) and oxidation of o-diphenols to o-quinones (diphenolase activity, D) (Agarwal et al. 2019; Cieńska et al. 2016 ). Both activities have found applications in several biotechnological areas, including detoxification of waste water or soil contaminated with phenolic compounds, and/ or aromatic amines (e.g. Duran and Esposito, 2000; Girelli et al. 2006) , construction of biosensors for the detection of phenolic compounds (e.g. Da Silva et al. 2019; Kochana et al. 2015) , cross-linking reactions (e.g. Le Roes-Hill et al. 2015) ; biosynthesis of antioxidants (e.g. hydroxytyrosol) (Botta et al. 2015) , production of prodrugs (e.g. L-DOPA) (Kampmann et al. 2016) or compounds suppressing melanoma (Gąsowska-Bajger et al. 2009 ).
The number of tyrosinase applications caused growing interest in cheap sources of this enzyme. Although tyrosinases are widespread in nature (Halaouli et al. 2006; Nawaz et al. 2017) , the main problem is its presence in low quantities as an intracellular protein. It seems that Agaricus bisporus tyrosinase should be regarded as the source of choice, mainly due to its availability (Seo et al. 2003) . Moreover, there are several reports related to the isolation and purification of tyrosinase from A. bisporus (Bouchilloux et al. 1963; Duckworth and Coleman, 1970; Fan and Flurkey 2004; Gąsowska et al. 2004; Gouzi and Benmansour 2007; Khan et al. 2005; Lopez-Tejedor and Palomo 2018; Papa et al. 1994; Simsek and Yemenicioglu 2007; Smith and Krueger 1962; Wichers et al. 1996) . Each method of tyrosinase purification involved three main steps: (i) cell disruption, (ii) removal of undesired low and high molecular weight compounds, and (iii) several kinds of chromatography. Cell disruption is commonly realized by tissue homogenization in phosphate buffer or chilled acetone or grinding in liquid nitrogen and then liquid phase is separated by passing suspension through cheesecloth or by centrifugation. The initial purification of crude extract is usually carried out by salting out or precipitation with acetone. In further purification steps, there are two or more chromatographic separations with several kinds of additional operations, such as concentration, dialysis, centrifugations, and adsorption of coloured impurities on a variety of gel matrices. However, very pure enzyme preparation is too expensive to be used in industry. Thus, the number of separation techniques should be minimized in relation to their environmental impact, cost and easiness. Membrane separations meet these criteria although their additional advantages such as flexibility and integrity are rarely presented with real mixtures of proteins. The main advantages of micro-(MF) and ultrafiltration (UF) are lack of phase change during the process, the absence of organic solvents, lack of extreme pH values and relatively slight effect of phase interface on the conformational structure of proteins (Charcosset 2006; Kołtuniewicz and Drioli 2008; Drioli and Giorno 2009) .
Taking into account the 110-120 kDa molecular weight of mushroom tyrosinase (Bouchilloux et al. 1963; Jolley et al. 1969) , the key step of its membrane purification is UF, during which the enzyme could be retained in the retentate while the most of ballast proteins (especially proteases) and brown impurities should be expelled from the enzyme solution. Obviously, UF should be preceded by MF process to remove cells, their fragments and other water-insoluble contaminants, including mucus-forming compounds.
The main goal of this study was to select membranes that can be used for the purification of tyrosinase to replace common salting-out dual-step process with technique based on membranes. In the case presented here, the feed solution is non-entirely defined and dark-brown impurities are in high concentrations. For that reason, four components have been chosen to represent the quality of separation: (i) total protein content; (ii) catalytic activity of tyrosinase (D); (iii) total proteases activity which can cause loss of the enzyme activity; (iv) level of undefined brown impurities, mainly originated from polymerization of phenolic compounds by tyrosinase. As MF is a prerequisite step before UF, four membranes were screened for obtaining tyrosinase solution with the highest catalytic activity. Then two UF membranes with different pore sizes were tested to obtain retentate with the high enzyme recovery, low proteases and brown impurity content and satisfactory permeate flux. Simultaneously, extract from mushrooms was purified by salting-out method to compare both methods for obtaining tyrosinase-enriched solution. Then ion-exchange chromatography was applied for subsequent purification of salted-out and membranetreated enzyme solutions from brown impurities. Finally, to assess the impact of degree of purification on tyrosinase stability, inactivation of obtained preparations after all steps was tested at 40 °C.
Experimental
The Lowry reagent, l-3,4-dihydroxyphenylalanine (L-DOPA) and bovine serum albumin were obtained from Sigma-Aldrich (Germany). The other reagents, all of analytical grade, were supplied by Avantor Performance Materials (Poland). DEAE-Granocel was kindly supplied by Prof. Jolanta Liesiene from Kaunas University of Technology. Fresh white mushrooms (Agaricus bisporus) for tyrosinase isolation were obtained from a local producer (W. Idasiak, Wrocław, Poland). Microfiltration disc membranes made of nitrocellulose (0.30 μm) were from Whatman whereas made of regenerated cellulose (0.22 μm), poly(tetrafluoroethylene) (0.20 μm) and poly(fluorovinylidene) (0.22 μm) as well as ultrafiltration membranes made of polyethersulphone were from Millipore (Germany).
Tyrosinase activity was measured in the presence of 1 mM l-DOPA (D) in a 0.1 mol L −1 phosphate buffer (pH 7.0). The reaction was monitored spectrophotometrically by HELIOSα (Unicam) at 475 nm and the linear absorbance increase was used for activity calculations. An enzyme activity unit (U) was defined as the amount of the enzyme which converts l-DOPA into coloured products causing an increase in absorbance by 0.001 per min at 30 °C. The mean analytical error was lower than ± 3.3%.
Activity of proteolytic enzymes was assessed by the non-specific caseinolytic test as in previous paper (Bryjak and Rekuć 2010) . One unit of proteolytic activity (U) was defined as the amount of enzyme that induced absorbance (280 nm) increase of 1.0 per 10 min at 37 °C. Mean analytical error was lower than ± 6.3%.
Protein concentration was determined spectrophotometrically according to Lowry's method (Lowry et al. 1951) using bovine serum albumin as a standard. Mean analytical error was lower than ± 2.2%. To track brown impurities, the absorbance of 450 nm was chosen for a linear relationship between colour intensity and dilution factors of concentrated preparation.
Tyrosinase was prepared as described earlier (Zynek et al. 2010) . Briefly, young and fresh mushrooms (300 g) were homogenized in cold acetone (− 26 °C), mixed for 30 min at 0-4 °C and centrifuged at 7000 rpm for 20 min. The pulp was put under a vacuum pump to remove the remaining acetone and then suspended in the phosphate buffer. After another centrifugation, the supernatant dissolved in the buffer was used as the crude preparation.
Microfiltration was carried out using an Amicon (USA) stirred cell with 400 mL working volume as presented previously (Bryjak and Rekuć, 2010) . Disc membranes were of 41.8 cm 2 effective membrane filtration area. Selected membranes were made of regenerated cellulose (Reg-Cel; Millipore), poly(vinyl fluoride) (PVDF; Millipore), poly(tetrafluoroethylene) (PTFE; Millipore), and cellulose nitrate (NitroCel; Whatman). The system operated at 200 rpm and constant pressure set at 0.4 MPa. The feed (200 mL of the crude extract; 4 °C) was filtered in the deadend mode and after that proteins loosely bound to the membrane were washed-out with the buffer. The wash-out, feed and permeate were analysed for tyrosinase, protease and protein presence.
Ultrafiltration was done on a Labscale™ TFF System (Millipore, Bedford, USA) equipped with two Pellicon ® XL (Millipore, Bedford, USA) cassettes with 50 cm 2 filtration area of membranes made of polyethersulphone: Biomax-100 and Biomax-300 with nominal molecular weight cut-off 100 and 300 kDa, respectively. Before experiments, the UF unit with the Pellicon membrane was rinsed intensively and then deionised water flux was measured. The permeate, obtained after microfiltration, was a feed for diafiltration (four exchange of the volume of the retentate) and concentration (four times) on one of the tested membranes. Diafiltration was carried out by maintaining a constant reservoir level with 0.1 mol L −1 phosphate buffer, pH 7.0. The concentration was started just after retentate diafiltration. The permeate volumes (100 mL-diafiltration, 40 mL-concentration) were time collected. The transmembrane pressure was set at 0.137 MPa. After the concentration step, the retentate was drained, and 50 mL of 0.1 mol L −1 phosphate buffer was added to the system to wash proteins loosely bound to the membrane. Feed, wash-out, retentate and permeate samples were analysed for tyrosinase and protease activities and the presence of proteins and brown impurities. The overall recovery was estimated with reference to the crude extract.
Crude extract of tyrosinase was salted out with ammonium sulphate (30% saturation) during stirring at 0-4 °C for 30 min, as described previously (Zynek et al. 2010 ). The suspension was then centrifuged (8000 rpm; 20 min; − 2 °C) and the ammonium sulfate concentration in the supernatant was adjusted to 60% m:v saturation. Protein aggregation and precipitate separation was carried out as in the previous precipitation step. The collected sediment was dissolved in 20 mL of the buffer.
Enzyme preparation (after membrane fractionation or salting out) was purified by ion-exchange chromatography using DEAE-Granocel 500 (bead particle size 100-200 μm; exclusion limit 10 5 Da; ion-exchange capacity 1.4 mEq g −1 ) as chromatographic packing (bed dimension: 120 × 10 mm), equilibrated with 0.01 M phosphate buffer with pH 7.0. The same buffer was used as eluent with 0-0.4 mol L −1 NaCl stepwise gradient. The injected amount of preparation was 4 mL (protein concentration 0.726 mg mL −1 ) and the flow rate was 1 mL.min −1 . The separation process was monitored by measuring the protein concentration, tyrosinase and protease activities and brown impurity content in the collected 3 mL fractions.
The enzyme stability was tested by incubating the crude enzyme preparation at 40 °C as previously (Zynek et al. 2010) . The samples were withdrawn in specified time intervals, cooled rapidly to 0 °C in an iced-water bath and stored in ice water prior the activity measurement (1 h). The same procedure was applied for the enzyme solutions after microfiltration and ultrafiltration, salting out and ion-exchange chromatography. In all cases, protein concentration of the enzyme solutions was aligned to 0.042 mg mL −1 . Residual activity was measured using 1 mM l-DOPA as the substrate.
Results and discussion

Membrane fractionation
Extracts from A. bisporus tissues contain cell debris and other unspecified particles and they were subjected to prefiltration on MF membranes made of hydrophilic (RegCel, NitroCel) and hydrophobic (PVDF, PTFE) materials were selected. To evaluate the properties of membranes used, four elements of the feed and permeate were balanced: proteins, monophenolase and diphenolase activities of tyrosinase, and proteolytic activity. The most important results (Fig. 1) indicated that RegCel and PTFE membranes allowed all the species to pass into permeate (at least 80%). From the other hand, PVDF and NitroCel caused removal of proteases in about 40 and 30%, respectively. The state in which part of proteolytic enzymes was adsorbed on the membrane and/or self-digested was profitable from the preoperational point of view; therefore, in the next purification steps, tyrosinase will be subjected to attack by proteases to a lesser degree.
After gentle washing of the membrane after MF, one can remove loosely bound species (Fig. 1b) . It was found that reversible deposition of proteins, tyrosinase and proteases is the lowest in the case of RegCel and then NitroCel membranes, both being more hydrophilic than PVDF and PTFE. It supports the common knowledge that the use of hydrophilic material prevents strong deposition of hydrophilic proteins on interfacial surfaces. Interestingly, it seemed that proteases which passed through PVDF and NitroCel were subjected to self-digestion/inactivation rather (activity balance around 75% with total protein balance 99 and 92%, respectively, Fig. 1c ) than to deposition on the membrane (activity recovery 10 and 2%, respectively; Fig. 1b ). It is rather unlikely that about 25% of proteases are tightly bound to the membranes, especially in the case of PVDF membrane with almost complete protein balance. However, the reason of such a behaviour in the case of both membranes is unclear.
Taking into account high recovery of tyrosinase catalytic activity, low protease content and low deposition of filtered species on the membrane surface, NitroCel membrane seems to be the material of choice. Five independent experiments gave species recovery as follows: protein − 90.2 ± 3.1% m:m; tyrosinase (D) − 94.0 ± 3.9% m:m; proteases − 73.4 ± 12.3% m:m.
In the next step two UF membranes were tested, using MF permeate as a feed solution. In this case, we assumed that good results are as follows: high tyrosinase recovery, low protease content, significant reduction of coloured byproducts, and satisfactory purification fold (Table 1) .
In preliminary studies, membrane with cut-off 100 kDa was excluded due to high by-products and proteolytic enzyme recovery ( Fig. 2a) and relatively low purification fold (Fig. 2c) ; despite that, tyrosinase recovery was the highest ( Fig. 2a ). Moreover, a significant drop of permeate flux was noted (88.4% in comparison to deionized water flux and 28% in a reference to the flux of the first permeate fraction).
Thus, membrane with 300 kDa was used but with similar drop in flux (88.5 and 19.3%, respectively). Although brown by-products and proteases were removed more efficiently ( Fig. 2a ) and purification factor was higher (above fivefold), tyrosinase recovery was found to be too low (42-46%). For that reason, in the next experiment, the first permeate fraction (100 mL in diafiltration mode) was continuously returned to the retentate container to stimulate polarization layer formation on the membrane that creates an additional filtration layer [dynamic layer (Kołtuniewicz and Drioli 2008)] composed of proteins. It was expected that in this case tyrosinase recovery should increase as the presence of 35% of proteins and 15% of tyrosinase activity was found in the first fraction. As seen from Fig. 2a , c, the expectation was correct; tyrosinase recovery increased by 21-26% with no changes in other retentate parameters.
Comparative study on membrane and salting out purification
To compare the processes studied, the same mushroom extract was used for tyrosinase purification by both methods. Data summarized in Table 2 show that tyrosinase, protein Fig. 2 Recovery of protein, tyrosinase (measured in the presence of l-DOPA (D) as substrate), proteases and coloured impurities in retentate (a), wash-out solution from the membrane (b), purification fold of tyrosinase and proteases in the retentate after UF (c) and the exemplary results of permeate flux changes during UF process (300 kDa with initial permeate recirculation; the flux determined for clean water was considered as 100%). Cut-off of the membranes: 100 kDa (black bars), 300 kDa (white bars) and 300 kDa with initial permeate recirculation (grey bars) ▸ and brown impurity yields are comparable in both cases. However, significant difference was noted in the yield of proteases; in the case of membrane separation, the level of proteolytic enzymes was 4 times lower than that in salted-out preparation. Moreover, higher purification fold was obtained after the membrane separation.
Chromatographic step
In chromatographic step, the column with DEAE cellulose bed was applied to separate brown impurities. To avoid the problem of different protein concentrations of preparations after membrane filtration and salting out procedures, the salted-out preparation was slightly diluted up to 0.726 mg mL −1 concentration that allowed direct comparison of both preparations. It was interesting that elution of proteins was quite different (Fig. 3 and Table 3 ); in saltedout preparation, tyrosinase was eluted in the first fractions, similarly as described by Gąsowska et al. (2004) , whereas the enzyme after membrane treatment was found in the 3rd and 4th fractions and in the fractions 24 and 25 (Fig. 3) .
It means that both enzyme preparations obtained after chromatography differed in protein composition. In fact, almost all proteolytic enzymes were excluded from the preparation pre-treated with membranes whereas the saltedout preparation preserved about 15% of proteases. As it was mentioned, the objective of this step was to remove coloured by-products and in this case both preparations were cleared to the same extend. However, yield of tyrosinase recovery from samples after membranes pre-treatment was considerably lower, but with significantly lower content of proteases.
Tyrosinase stability
Assuming that there are unspecified potential stabilizers or destabilizers of the enzyme in the real protein extract, tyrosinase thermal tolerance can be affected by its purity level. Tyrosinase thermal tolerance was tested at 40 °C, using crude, membrane-treated, salted-out samples and preparations after ion-exchange chromatography. Inactivation rate constants were assumed to follow the first-order kinetics (Zynek et al. 2010) and are presented in Table 4 (activity decays in time are not shown). As protein concentration in the enzyme solutions was set to be the same (0.042 mg mL −1 ), the stability increase could be attributed 
Fig. 3
Ion-exchange chromatography with DEAE-Granocel applied for tyrosinase preparation after purification by membrane separation (a) or salting out (b); solid line-protein; dashed line-tyrosinase activity; points-data for particular fraction. The values of protein amount and catalytic activity obtained for tyrosinase preparation prior the chromatographic step were taken as 100%. 0.1, 0.2 and 0.4 NaCl means the sodium chloride concentrations in mol L −1 to the removal of potential destabilizers. It was shown that double salting-out procedure caused increase in tyrosinase stability in about 30% but membrane separations allowed to obtain the preparation with almost three times more stable enzyme. Interestingly, salted out or membranes pre-treatment with subsequent purification by ion-exchange chromatography caused a subsequent increase in the enzyme stability. One can assume that exceptionally high tyrosinase stability after membrane and chromatographic fractionation is attributed to significantly lower content of proteolytic enzymes than after double salting-out and chromatographic procedures (Tables 2 and 3 ).
Conclusions
The experiments presented in this study indicated that the MF → UF resulted in an acceptable resolution and recovery of tyrosinase. In comparison with common procedure based on dual successive salting out followed by centrifugations of sediments, membrane process can be carried out in one filtration unit. Moreover, obtained enzyme preparations contained lower level of proteinases that probably caused exceptionally increased tyrosinase stability. It is worth pointing out that not only tyrosinase activity was monitored during the investigated processes. Special attention was paid to assessing the presence of brown pigments and proteolytic enzymes. According to our best knowledge, such an approach is rarely presented. On the basis of the obtained results, several conclusions have been drawn:
1. MF on NitroCel membrane is profitable due to partial reduction of proteases in the permeate with the almost complete protein recovery and insignificant tyrosinase activity loss. 2. UF (diafiltration and concentration) on polyethersulphone membrane of 300 kDa with partial turn the permeate back to retentate offers tyrosinase preparations with the reasonable purification level and the higher thermal stability than in the case of salting-out procedure. Moreover, one unit operational step enables minimization of tyrosinase activity loss. Obtained preparation can be used directly in most biotechnological processes. Even higher stability of tyrosinase can be obtained after subsequent chromatography but at the cost of the enzyme yield. 3. In the case of processes demanding exceptionally high tyrosinase purity, it is recommended to apply double salted-out procedure of purification followed by ionexchange chromatography to obtain the enzyme solution as the feed for further steps. In this case, the yield of tyrosinase is substantially higher than after MF and UF. After extraction 0.0112 ± 0.00129 After extraction 0.0112 ± 0.00,129 After MF and UF 0.0038 ± 0.00020 After salting out 0.0072 ± 0.00,031 After chromatography 0.0004 ± 0.00002 After chromatography 0.0038 ± 0.00015
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